A B S T R A C T Female sex and estrogen administration are associated with increased hepatic production of triglyceride-rich lipoproteins; the basis for this has not been fully elucidated. Inasmuch as hepatic lipoprotein production is also influenced by FFA availability and triglyceride biosynthesis, we investigated sex differences in FFA utilization in rat hepatocyte suspensions and in the components of the triglyceride biosynthetic pathway.
Isolated adult rat hepatocyte suspensions were incubated with albumin-bound [14C]oleate for up to 15 min. At physiological and low oleate concentrations, cells from females incorporated significantly more 14C into glycerolipids, especially triglycerides, and into oxidation products than did male cells, per milligram cell protein. At 0.44 mM oleate, incorporation into triglycerides in female cells was approximately twice that in male cells. Comparable sex differences were observed in cells from fasted animals and when [14C]-glycerol incorporation was measured. At higher oleate concentrations, i.e., fatty acid:albumin mole ratios in excess of 2:1, these sex differences were no longer demonstrable, suggesting that maximal rates of fatty acid esterification and oxidation were similar in female and male cells.
In female and male hepatic microsomes, specific activities of long chain acyl coenzyme A synthetase, phosphatidate phosphohydrolase, and diglyceride acyltransferase were similar, but glycerol-3-phosphate acyltransferase activity was slightly greater in females at certain substrate concentrations. Microsomal incorporation of (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . On this basis, it can be inferred that entry of VLDL-triglyceride into plasma must be increased, a conclusion that is also supported directly (4, 5, (7) (8) (9) (10) .
cockerel. However, it is conceivable that increased apolipoprotein synthesis may reflect other changes in cellular lipid metabolism, and even if this mechanism pertains to mammals, an increased supply of lipid would nonetheless be required to sustain any increase in lipoprotein production rate.
The possible origins of this lipid therefore warrant consideration. In this connection, Mandour et al. (14) showed that in the estrogenized rat, portal venous insulin:glucagon ratio and the activity of hepatic acetyl coenzyme A (CoA) carboxylase and fatty acid synthetase were increased, suggesting that augmented lipogenesis may contribute. Regarding plasma FFA in estrogen-induced hypertriglyceridemia, studies of human subjects and rats indicate no consistent changes in either FFA concentration or turnover (5, 7) . In the estrogenized chick, FFA flux is increased, but this appears to follow rather thani precede the hypertriglyceridemia (15) and therefore may reflect recycling of VLDL triglyceride fatty acids.
Although total plasma FFA flux does not appear to be increased by estrogens, published evidence does suggest that entry of plasma FFA into perfused female rat livers may be greater than in male livers (1, 10) . However, these studies were conducted over several hours, under conditions that precluded definitive examination of the initial events in hepatic uptake and utilization of plasma FFA. Other evidence from studies of women taking oral contraceptives (5) and the estrogenized chick (8) also suggests that hepatic uptake and utilization of plasma FFA may be increased under these conditions. However, these processes have not been directly investigated, and the possibility that sex or sex steroids influence the initial events in hepatocyte FFA utilization and triglyceride biosynthesis is neither established nor excluded by previously published evidence.
The present experiments were designed to explore this important question in detail, by studying isolated hepatocyte suspensions as well as the components of the triglyceride biosynthetic pathway, including microsomal enzymes and cytosolic fatty acid bindinig proteini (FABP) . The results establish the existence of profound sex differences in the utilization of albumini-bounid fatty acid by adult rat hepatocytes and suggest that corresponding differences in FABP concentrationi account for these differences at least in part. Portions of these studies have appeared in a published abstract (16 (17) . Livers were perfused with Ca++-free Hanks' medium gassed with 95% oxygen, 5% CO2, containing 0.05% collagenase (type I, Sigma Chemical Co.). Cells were suspended in Ca++-free, bicarbonate-free, glucose-free Hanks' with 10 mM sodium phosphate buffer, pH 7.4, and were incubated at 37°C in a metabolic shaker in 25-ml Erlenmeyer flasks, final volume 2 ml. Incubations, carried out in triplicate for each liver, contained 3-14 mg cell protein (over which range incorporation was linear) and albumin at a final concentration of 1.5 g/ml (0.22 mM). Incubations were initiated by the addition of 1 ml of fatty acid-albumin complex to 1 Statistical methods. Significance of differences among experimental groups was determined by the unpaired t test (29) .
RESULTS
Utilization ofalbumin-bound [14C]oleate by isolated hepatocyte suspensions from adult male and female rats. Hepatocyte suspensions prepared from fed, sexually mature female and male rats, 240-260 g, were incubated with albumin-bound [14C]oleate. Total utilization, i.e., the sum of all measured products of fatty acid esterification and oxidation, is plotted as a function of time in Fig. 1 . It can be seen that fatty acid utilization was linear over 15 min for both females and males and was =75% greater in female cells. As shown in Fig. 2 ) and oxidation (---) by hepatocyte suspensions from adult female (0) and male (U) rats was determined as in Fig. 1 ()and diglycerides (---) by hepatocyte suspensions from adult female (0) and male (O) rats was determined as described in Fig. 1 and Methods. Mean±SE; n = 5 for all groups.
phospholipids (Table 1) was also significantly greater, statistically, in female cells than in male cells, but in both groups phospholipids represented only a small fraction of total esterified 14C (11-12% in females; 15-16% in males). Of the 95% greater incorporation of fatty acid into glycerolipids by female cells >75% was accounted for by triglycerides. Similar patterns were observed in 2-mmn incubations (unpublished data).
As shown in Table II , differences of a comparable nature also characterized cells prepared from fasted animals. Thus, although for both sexes overall utilization of [4C]oleate was substantially reduced when compared with cells from fed rats, both the oxidation of[14C]oleate to ['4C]02 and its incorporation into triglycerides were significantly greater in cells from fasted females than males. The incorporation of [14C]glycerol into glycerolipids was measured under otherwise similar conditions. As shown in Table III , glycerol incorporation into triglycerides was also much greater in female cells, suggesting that sex differences in cellular fatty acid Mean±SE; n = 3 for all groups. * P < 0.001 vs. female; other differences not significant.
shown in Figs. 4 and 5. In Fig. 4, it Fig. 4 , and incorporation into triglycerides ( ) and total oxidation products (---) was determined as described in Methods. Mean+SE; n = 3 for all groups.
n the use of[14C]oleate between female and male below the physiological range, however, the rate at ,cytes depend for their demonstration on sub-which fatty acid enters these pathways is much greater concentration. The fact that there are no dif-in female cells. To explore possible mechanisms for es at the highest concentrations suggests that the this difference, components of the triglyceride biosynal rates ofthe oxidative and triglyceride pathways thetic pathway were examined in liver cell fractions iilar in males and females. At fatty acid concentra-prepared from female and male rats. Lnd fatty acid:albumin molar ratios within and Studies of microsomal enzymes of triglyceride biosynthesis. Microsomes were assayed for specific activity ofacyl CoA synthetase and glycerol-3-phosphate acyltransferase. As shown in Fig. 6 , specific activity of 10 tion, prepared from the 105,000 g supernate of mature female and male rats, were compared by Sephadex G-25 chromatography as described in Methods. As shown in Fig. 7 , results are very similar to previously published values (27) and demonstrate no difference between the sexes. In contrast (Fig. 8) Together, these experiments suggest that although the binding affinity and capacity of partially purified female and male hepatic FABP are similar, the con- The finding that estrogens induce the synthesis of hepatic VLDL apoproteins in avian species (11) (12) (13) has been interpreted as evidence for a direct and possibly rate-determining role of sex differences at this later stage of the overall processes of VLDL secretion and, by inference, triglyceride biosynthesis. However, it is well recognized that a primary increase in availability of FFA, with a secondary increase in hepatic triglyceride biosynthesis, also effectively and rapidly stimulates VLDL synthesis. In providing evidence of profound sex differences in the earliest events in hepatocyte FFA utilization, the present studies suggest that corresponding sex differences in hepatic lipoprotein production may be determined to a large extent by factors that precede and are independent of VLDL apoprotein synthesis.
In attempting to understand the basis for these differences, several factors must be considered. First, it is conceivable that physical or structural differences between female and male hepatocytes might be responsible (34 (36) . On the basis of these considerations, therefore, the present observations suggest that intrinsic sex differences exist in the pathways of fatty acid utilization within the cell envelope. Although the most striking differences were seen in esterification, it is noteworthy that total oxidation also was significantly greater in female cells at low concentrations (Fig. 5) , and that a plateau was reached at 0.44 mM oleate and above. Fatty acid supplied in excess of this upper limit is diverted to esterification pathways, confirming the earlier studies of Ontko (37) . The present data indicate, however, that when availability of fatty acids is low, their entry into the oxidation pathway is greater in female cells. A similar pattern also characterized incorporation of [14C]oleate into esterification products (Fig. 4) , especially triglycerides (Fig. 5) .
Together, these observations suggest that under the experimental conditions, maximal rates of the fatty acid oxidation and triglyceride biosynthesis pathways are essentially equal in adult female and male cells. At lower concentrations, however, fatty acid enters these pathways more readily in female cells. In other words, even though the maximal reaction velocities in microsomes and mitochondria may be rate determining for overall fatty acid utilization at higher fatty acid concentrations and fatty acid:albumin mole ratios, they do not appear to be so in the lower ranges.
Although these data cannot be subjected to formal kinetic analysis, the sex differences in the concentration dependence of['4C]oleate incorporation into triglyceride and oxidation products by intact hepatocytes (Fig. 5 ) may be regarded as analogous to enzyme reactions with similar maximal velocities (Vmax) but differing affinities of enzyme for substrate (reflected in apparent Km). In the present system, entry of fatty acid into both oxidative and triglyceride pathways in female cells may be regarded as exhibiting a lower Km (i.e., attainment of half-"maximal" velocity at a lower substrate concentration) than in male cells (Fig. 5) female cells; or (b) the kinetic properties of these enzymes are similar, but there is more rapid access of fatty acid to, or interaction with, these enzymes in female cells.
The first of these possibilities is excluded by the present studies in the case of acyl CoA synthetase, but slight differences were demonstrated for glycerol-3-phosphate acyltransferase, and may conceivably apply to later reactions in the triglyceride pathway. The second possibility is relatively simple in concept, in that it requires only that there be a quantitative difference in a single common process, and is consistent with the demonstration that FABP concentration is higher in female cytosol than in male.
Several laboratories have provided substantial evidence for the participation of FABP in the cellular utilization of long chain fatty acids in small intestine and liver (26, 28, (30) (31) (32) (33) 38) 2 Enhancement by FABP of mitochondrial and microsomal acyl CoA synthetase (3 1)2 and a number of other microsomal glycerolipidsynthesizing enzymes (32)2 has been demonstrated directly, in vitro. The possibility that this 12,000 mol wt soluble protein may also serve as a cytosolic carrier for long chain fatty acids (26) is consistent with available data2 but has not been established. In interpreting the present studies, however, sex differences in cytosolic FABP concentration could explain the corresponding differences in [14C]oleate utilization whether it is assumed that FABP facilitates the interaction offatty acid with mitochondrial and microsomal enzymes, the movement of fatty acid through cytosol, or both.
These studies are of significance in several respects. First, they demonstrate that important sex differences in hepatocyte fatty acid utilization reflect factors early in the pathways of oxidation and triglyceride biosynthesis, apparently independent of lipoprotein synthesis. Second, corresponding sex differences in cytosolic concentration of FABP, and to a lesser extent in the specific activity of microsomal glycerol-3-phosphate acyltransferase, are established, and may entirely or in large part account for the observed sex differences in fatty acid utilization in intact cells. Finally, the data provide additional support for a role of FABP in cellular fatty acid utilization, and suggest that it may be of particular importance when availability of extracellular fatty acid is within or below the physiological range. It is also likely that FABP interacts with, and facilitates the utilization of, fatty acids that originate within the cell via de novo synthesis or hydrolysis of fatty acid esters (27) . 2 The data do not suggest that FABP influences the partitioning offatty acid between oxidation and esterification pathways. Rather, they suggest that FABP facilitates entry of FFA into both pathways, and that the partitioning of fatty acid between the two is determined Sex Differences in Hepatic Utilization of Long Chain Fatty Acidsby the relative amounts and kinetics of the enzymes involved and by fatty acid supply. This concept is consistent with recent evidence that increased fatty acid uptake and oxidation by livers of clofibrate-treated rats also is associated with increased hepatic FABP concentration (39) . It also seems clear that rate determinants of hepatic uptake and utilization of long chain fatty acids will differ under various circumstances, depending on physiological, pharmacological, and developmental factors. As a corollary, no single factor, be it FABP concentration, membrane permeability, or microsomal enzyme kinetic properties, is likely to be rate determining under all conditions.
In other studies, we have found that these sex differences in FFA utilization are not present in hepatocytes from immature animals, can be largely prevented by castration, and can be reproduced by administration of estradiol or testosterone to castrates of either sex.3 Together, the findings imply that, directly or indirectly, sex steroids modulate early events in hepatocyte FFA utilization, and at least in part through this mechanism, influence synthesis, secretion, and plasma concentrations of triglyceride-rich lipoproteins.
